Lactobacillus reuteri is a prominent member of the LactobaciUus population in the gastrointestinal ecosystem of humans, poultry, swine, and other animals. Reuterin is a newly discovered, broad-spectrum antimicrobial substance produced by this species during fermentation of glycerol. In this report, we describe procedures for (i) producing reuterin in sufficient amounts to isolate from a fermentation mixture and (ii) isolating this substance by high-performance liquid chromatography. By using uniformly labeled [14C]glycerol, reuterin was identified as a product of glycerol fermentation associated with the production of 0-hydroxypropionic acid and trimethylene glycol.
Axelsson and co-workers (L. Axelsson, T. C. Chung, W. J. Dobrogosz, and S. E. Lindgren, submitted for publication) and Chung and colleagues (T. C. Chung, L. Axelsson, S. E. Lindgren, and W. J. Dobrogosz, submitted for publication) reported the discovery of a broad-spectrum antimicrobial substance termed reuterin produced by Lactobacillus reuteri. L. reuteri resides in the gastrointestinal tract of healthy humans and animals (2, 5) and is believed to function as a symbiont in the enteric ecosystem. Synthesis of such an antimicrobial substance by an enteric resident raises a number of interesting questions and possibilities as to the role these residents may play in the health of the host. Yet little is known about L. reuteri and less about reuterin except that it is produced specifically from glycerol by anaerobic resting cells under physiological conditions of temperature and pH. Preliminary investigations indicate that it is a lowmolecular-weight, neutral, water-soluble, nonprotein material that has antibacterial, antimycotic, and antiprotozoal activity.
The culture conditions described for reuterin production in other reports (Axelsson et be an accurate measure of reuterin concentration and was used in subsequent analyses.
Pure samples of the other components (TMG, ,B-HPA, and glycerol) found in fermentation supernatant fractions were tested for their ability to inhibit E. coli growth, and none was effective in the concentration ranges (as determined by HPLC) found in the reaction system supernatant fraction.
Other heterofermentative strains of lactobacilli have been reported to ferment glycerol to TMG and ,-HPA (8), and it has been suggested that the formation of TMG and P-HPA (Fig. 2) After incubation, cells were removed and the supernatant fractions were subjected to chromatography. Fractions were collected manually, and the radioactivity present in the samples was measured. Essentially all the radioactivity could be recovered in the four major components found in the supematant (i.e., glycerol, reuterin, TMG, and 3-HPA). Preliminary evidence indicated that 1 mol of glycerol is required to produce 1 mnol of reuterin (data not shown), and the amount of,reuterin present in fermentations was calculated based on this conversion. An increase in reuterin production occurred as the glycerol concentration increased (Fig. 3 ). TMG and P-HPA levels, however, remained constant at initial glycerol concentrations above 50 mM. Moreover, ,B-HPA and TMG were produced in equimolar amounts. A substantial portion of glycerol was not utilized when initial concentrations exceeded 50 mM. The above experiment was repeated in the presence of 20 mM glucose (Fig. 4) . Reuterin concentrations were calculated based on a conversion ratio of 1 mol of glycerol to 1 mol of reuterin. Reuterin production was not affected by the presence of glucose when glycerol concentrations were above 100 mM, whereas at lower glycerol levels, reuterin production was slightly curtailed. The level of TMG was approximately doubled when glucose was present in the reaction system. The increase in TMG production correlated with a greater utilization of glycerol in this system. P-HPA production did not increase in the presence of glucose and, in fact, decreased slightly when compared with that of the glucose-free production system. Production of reuterin as a function of incubation time. L. reuteri cells were suspended to concentrations of 2.5 and 4.5 mg of cells (dry weight) ml-' in 200 mM glycerol and incubated. Samples were assayed by HPLC, and the results summarized in Fig. 5 show the relationship between reuterin production and incubation time. At both cellular concentrations, reuterin production attained a maximum after an incubation of approximately 2 h. Cells removed from the production systems after this time were not viable, indicating that reuterin had killed the producing organisms.
Stability of reuterin at 37°C. Reuterin isolated by semipreparative chromatography, lyophilized to dryness, and suspended in water was tested for stability at 37°C at three pH values. Samples were adjusted to pH values of 2.0, 6.5, and 11.0 with 1 N sulfuric acid or sodium hydroxide. Each sample was divided into two equal portions, one placed at 37°C and the other at 0°C as a control since samples of reuterin stored at 0°C retained activity for more than 6 months. A portion of the sarmples was then chromatographed at various times, and a ratio of peak heights in each case was calculated as the percentage of reuterin remaining in the preparations. Reuterin incubated under acidic conditions degraded less rapidly than the corresponding neutral sample (Fig. 6 ). Reuterin exposed to pH 11 degraded immediately and could not be recovered by adjusting the pH to 5, indicating an irreversible degradation of the reuterin molecule upon exposure to an alkaline environment. of reuterin remaining is the ratio of reuterin peak heights of samples at the reported temperature and pH to those of a control held at 0°C for the indicated time.
catalyzed by glycerol dehydrase, which converts glycerol to r3-hydroxypropionaldehyde; the second involves an aldehydic dismutation of P-hydroxypropionaldehyde. These reactions generate equimolar quantities of TMG and P-HPA (8 tion. Both systems operate simultaneously in the clostridia (4) and lactobacilli (7, 8) , as evidenced by the low levels of DISCUSSION 3-HPA which are also present in fermentations containing (4) and Lactobacillus (7, 8) species have been both glycerol and growth substrates. erment glycerol to TMG and p-HPA. This We showed that the production of 3-HPA and TMG from occurs in two steps (Fig. 2) ; the first step is glycerol by L. reuteri is similar to that observed in other lactobacillus and clostridium species. It was apparent from the radioisotope experiments that reuterin, a product associated with this fermentation, is derived either directly or indirectly from this glycerol fermentation. We found reuterin production to be inhibited by the addition of neutralized semicarbazide hydrochloride to the reaction mixtures. The semicarbazide is reported to complex with the 3-hydroxy- the three products and nonfermented glycerol, thus indicating that reuterin is a product of glycerol metabolism. P-HPA and TMG were produced in equimolar quantities and were the sole products formed at low glycerol concentrations under these conditions. Reuterin production was stimulated at glycerol concentrations greater than 50 mM coincident with maximal production of TMG and P-HPA.
When glucose was added to the fermentation, TMG production was elevated concomitant with a slight reduction in the amount of 13-HPA produced, and these two products were no longer produced in equimolar quantities as was observed in fermentations lacking glucose. Similar results were obtained by Sobolov and Smiley (8) for other Lactobacillus strains. This increased level of TMG production is attributed to the use of the ,B-hydroxypropionaldehyde as a hydrogen acceptor resulting in production of increased levels of TMG. Our study indicates that such a system also functions when L. reuteri ferments glucose in the presence of glycerol. Production of reuterin was unaffected by the addition of glucose when initial glycerol concentrations were over 100 mM. At the lower initial glycerol concentrations, production of TMG apparently impedes formation of reuterin.
Reuterin production increased to a maximum after a 2-h incubation at 37°C. Since reuterin production was accompanied by production of P-HPA, resulting in the acidification of the production system, the stability of reuterin was examined in acidic and neutral conditions. Purified reuterin incubated at 370C with the pH adjusted to 6.5 had a half-life of approximately 2 weeks. Reuterin incubated under acidic conditions had a half-life of approximately twice that of the neutralized reuterin. However, exposure of reuterin to basic conditions resulted in an immediate irreversible inactivation of the molecule. Storage of reuterin below 5°C at neutral and acidic pHs resulted in no appreciable breakdown over a 6-month period.
In this report, we described a simplified method of reuterin production as well as a procedure for the isolation of reuterin. These procedures will permit the isolation of milligram quantities of reuterin required for structural analysis of the molecule. This information along with that concerning intermediates involved in reuterin production will lead to an understanding of the mechanism of reuterin synthesis by L. reuteri.
